Preterm delivery is the leading cause of perinatal mortality and morbidity. Current tocolytics target myometrial contractions, a late step in the labor cascade. Identifying earlier events in parturition may lead to more effective therapeutic strategies. We hypothesized that inflammatory events in decidua (the maternal-fetal interface), characterized by leucocyte infiltration, are an early event during term and preterm labor (PTL). Leucocyte abundance in decidua of human pregnancies was quantified following term labor and PTL (idiopathic and infection associated), in conjunction with investigation of temporal inflammatory events in rat uterus during the perilabor period and in PTL induced by mifepristone. In human decidua, macrophage numbers were 4-fold higher in term labor (P , 0.01) and 2.5-fold higher in non-infectionassociated PTL (P , 0.05) than in term nonlaboring samples. Neutrophil abundance was unchanged with labor but elevated in PTL with infection (5-to 53-fold increase; P , 0.01). T and NK cells were more abundant in idiopathic PTL than TL (P , 0.05). In rat, decidual macrophage infiltration increased 4.5-fold 12 h prior to labor and remained elevated during labor and early postpartum (P , 0.01). Decidual infiltration preceded that of the myometrium and was 4-fold higher (P , 0.01). In rat PTL, decidual macrophage numbers were also elevated (P , 0.01) and exceeded those of the myometrium (P , 0.05). These studies show for the first time that leucocytes infiltrate decidua during labor at term and preterm, supporting a role for leucocyte-derived inflammatory mediators in decidual activation. In the rat, this occurred prior to labor, suggesting it is an early event during parturition and thus a potential target for intervention.
INTRODUCTION
Premature delivery is the single biggest cause of perinatal morbidity and mortality. Current strategies to stop preterm labor (PTL) aim to inhibit myometrial contractions, yet these therapies are largely ineffective, probably as they act on the culminating event in the labor process. Targeting earlier events in the labor cascade is likely to be more effective in halting premature labor. However, the mechanisms of PTL are largely unknown, at least in part because the process of labor at term is poorly understood. Understanding more about the physiological and pathophysiological processes during term and preterm labor is essential for the development of effective therapies to block PTL.
There is accumulating evidence that labor involves physiological inflammatory processes. Leucocytes infiltrate the myometrium (macrophages, neutrophils, and T cells) and cervix (macrophages and neutrophils) during labor and have been implicated in triggering myometrial contractions and inducing cervical ripening via local release of inflammatory mediators [1] [2] [3] . However, little is known about inflammatory events in the decidua. The decidua is very immunologically active in early pregnancy [4, 5] and, as the interface between maternal and fetal tissues, is ideally placed to coordinate inflammatory events via paracrine cross talk between the adjacent myometrium and fetal membranes [6] . Decidual activation, involving elevated prostaglandin and proinflammatory cytokine output, is proposed to be an early event in the labor process [7, 8] . However, little is known about the triggers of decidual activation or about the timing in relation to myometrial activation. Previous studies of decidual inflammation have produced conflicting results, reporting either no changes in leucocyte populations [2] , increases in polymorphonuclear leucocytes [9] , or CD56 dim CD16 þ NK cells during term labor [10] . These studies all utilized different quantification methods, and none of these studies quantified leucocytes in PTL. The aim of the current study was to definitively determine whether labor at term is associated with decidual leucocyte infiltration and to compare inflammatory events in term labor and PTL (both idiopathic and infection associated).
It has been speculated that leucocyte infiltration into gestational tissues may trigger labor; however, it is equally possible that leucocytes infiltrate as a consequence of the labor process. It is virtually impossible to determine the timing of leucocyte infiltration using human tissues. The rat provides a useful animal model to study labor processes, and strong similarities have been observed in myometrial inflammatory events between human and rat in a model of noninfectious PTL induced by mifepristone administration [11] . Utilizing the same model will enable investigation into the timing of decidual macrophage infiltration and the relationship with myometrial inflammatory events. We hypothesize that decidual inflammation, characterized by infiltration of specific leucocyte subtypes, occurs during preterm and term labor and is an early event in the labor process.
MATERIALS AND METHODS

Clinical Study Groups
Pregnant women who delivered at term (39-40 wk) and in PTL (,37 wk gestation) were recruited from St. Mary's Hospital, with informed written consent. This study was approved by the North West Local Research Ethics Committee (#08/H1010/55). Ethical guidelines for the publication of research were followed for all aspects of this study. Strict inclusion and exclusion criteria were used to recruit women into four study groups: term not in labor (TNL; women delivered by elective cesarean section at term without labor, n ¼ 11), normal term labor (TL; n ¼ 10), idiopathic PTL with no signs of infection (PTL; n ¼ 9), and PTL with infection (PTLI; n ¼ 10). All women delivered infants of normal birth weight (defined as an individualized birth weight centile between 10 and 90). Exclusion criteria were maternal proteinuria, diabetes, and fetal anomalies. Exclusion criteria for women in TNL, TL, and PTL groups were spontaneous rupture of membranes .48 h before labor and any signs of infection: temperature: .37.68C, white cell count .15, C-reactive protein .10, positive high vaginal swab, and histological signs of chorioamnionitis. Women in the PTLI group exhibited at least one of the infection criteria. Demographic and biophysical data was obtained, together with detailed obstetric history. Fetal membranes were collected within 30 min of delivery. Intact fetal membranes were sampled from the midzone area, distant from the rupture side and placenta, thoroughly washed in phosphate-buffered saline (Invitrogen), rolled and fixed in 10% (v/v) neutral buffered formalin. Following fixation, tissues were processed into paraffin blocks, orientated such that transverse cross sections were obtained.
Immunohistochemistry on Fetal Membranes
Immunohistochemistry was performed on 5-lm paraffin sections mounted on Superfrost Plus slides (Fisher Scientific) for leucocyte subtypes using the following markers: CD45 (leucocyte common antigen), CD68 (macrophages), CD56 (NK cells), N-elastase (neutrophils), and CD3 (T lymphocytes). Following dewaxing and rehydration, microwave antigen retrieval was performed for CD56, CD3, and CD68 immunostaining. Nonspecific staining was blocked with 3% (v/v) H 2 O 2 followed by nonimmune block comprising 10% (v/v) normal goat serum (Sigma), 2% (v/v) human serum (''in house'') in high-salt TBS containing 0.1% (v/v) Tween 20 (Biorad). Primary antibodies were obtained from DAKO, except anti-CD56 (Invitrogen), and were diluted in nonimmune block (CD45 7 lg/ml, CD68 0.5 lg/ml, CD56 0.4 lg/ml, CD3 2 lg/ml, N-elastase 1.1 lg/ml) and incubated on tissue sections overnight at 48C. Nonimmunized mouse IgG was applied at matching concentrations for negative controls. Thorough washes were performed with TBS containing 0.6% (v/v) Tween-20 prior to sequential application of biotinylated goat anti-mouse IgG (2.6 lg/ml; DAKO) and avidin-peroxidase (5 lg/ml; Sigma). Positive antibody binding was detected with diaminobenzidine, and sections were counterstained with Harris hemotoxylin (Sigma), dehydrated, and mounted.
Rat Models
Wistar rats (Charles River Breeding Laboratories) were housed individually under standard environmental conditions (12L:12D cycle) and fed ad lib Purina Rat Chow (Ralston Purina) and water. Female virgin rats were mated with male Wistar rats. Day 1 of gestation was defined as the morning of the vaginal plug. Using these conditions, the length of gestation was 23 days. Rats went into labor, defined as the delivery of one pup, during the morning of Day 23 (between 0800 and 1200 h). The Samuel Lunenfeld Research Institute Animal Care Committee approved all animal experiments.
Normal Pregnancy and Term Labor
Uterine horns were collected on Gestational Days 20, 21, 22 (morning and evening), and 23 and at 1 and 4 days postpartum (n ¼ 4-8 animals/day). Tissue was collected at noon on all days, with the exception of the labor samples, which were collected once the animals had delivered one rat pup, and Day 22 which were collected at 2100 h.
Preterm Labor Models
For extreme preterm labor, rats were treated on Day 15 with either mifepristone (Biomol) 10 mg/kg in 0.5 ml corn oil containing 10% (v/v) ethanol or with vehicle only, injected subcutaneously at 1000 h (n ¼ 4/group). Uterine horns were collected from mifepristone-treated animals after delivery of at least one pup on Day 16 or at the equivalent time in control rats. The same treatments were performed on Day 19 of gestation (n ¼ 8/group). Uterine horns were collected from mifepristone-treated animals after delivery of at least one pup on Day 20 or at the equivalent time for control rats. For all models, rats were killed by CO 2 inhalation and the uteri dissected. The part of uterine horn closest to the cervix from where fetus was already expelled was discarded. Full thickness samples were taken from three to four regions of the uterus and fixed in 4% (w/v) paraformaldehyde prior to paraffin embedding.
Immunohistochemistry on Rat Uterus
Immunohistochemistry was performed as above with the following exceptions. Antigen retrieval was performed by enzymatic digestion 0.125% (v/v) trypsin (Sigma) solution at 378C. The primary antibody was mouse antirat CD68 (Serotec) diluted to 1.25 lg/ml.
Analysis of Immunostaining
Detailed analyses of human fetal membranes were conducted to quantify the numbers of total leucocytes (CD45 þ ) and the subpopulations (CD68
within the decidua and adjacent amnion/chorion layers. Quantification was performed using Image-Pro Plus 6.0 (Media Cybernetics). For each leucocyte subtype, the number of positive cells was counted in each layer and normalized for the area of the tissue layer using the measuring tool, enabling calculation of the number of positive cells/mm 2 . Quantification was performed on 10 fields of view to provide an average for each of the tissue samples. For all rat models, three uterine sections from different regions of the uterus were analyzed for each animal. For each area, eight fields of decidua and eight of myometrium were imaged at random. Macrophage infiltration was quantified as above in both the decidua and the myometrium. The mean of eight views per uterine cross section was calculated, 
The numbers are median and range unless otherwise indicated. b BMI, body mass index at booking to antenatal care. * P , 0.05, **P , 0.01, compared to TNL; P , 0.01, P , 0.001, compared to TL, Kruskal-Wallis with post hoc Dunn test. z P , 0.05 compared to TNL and TL; § P , 0.05 compared to all other groups (chi-square).
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then the mean of the three uterine cross sections was calculated to give an average number of macrophages/mm 2 in both gestational tissues.
Statistical Analysis
Kruskal-Wallis test with Dunn post hoc test was used to assess significant differences in leucocyte subpopulations between the amnion, chorion, and decidua in each of the four study groups and also to assess any significant differences in leucocyte number between TNL, TL, PTL, and PTLI in the individual tissue layers. Mann-Whitney U-test was performed to identify whether there were significant differences in macrophage infiltration between the rat models of preterm labor and the control group and between the myometrium and decidua. To determine whether macrophage numbers varied across gestation, a Kruskal-Wallis test with Dunn post hoc test was performed. A two-way ANOVA was used to assess the interaction between gestation and tissue type when comparing decidua and myometrium.
RESULTS
There were no differences in maternal age, parity, ethnicity, or body mass index between study groups ( Table 1) . As per experimental design, the gestational age at delivery was lower in PTL (P , 0.01) and PTLI (P , 0.001) compared to both term groups. More women with PTL and PTLI had previous preterm deliveries than those in TNL and TL groups (P , 0.05). There were also higher rates of previous late miscarriage and cervical surgery in PTLI compared to other groups (P , 0.05), while a significantly lower smoking rate was detected in the TNL group than all other groups (P , 0.05).
Leucocyte Populations in Fetal Membranes
Leucocyte subpopulations (CD45 þ , macrophages, neutrophils, NK cells, and T cells) were detected in amnion, chorion, and decidua using immunohistochemistry (Fig. 1, A-F) . As previously reported, CD45
þ leucocytes were more abundant in decidua than in amnion and chorion in the TNL, TL, and PTL study groups (P , 0.05 for all; Table 2 , data shown for TL). In PTLI, the normal tissue architecture of the chorion and decidua was frequently disrupted; therefore, they were assessed as choriodecidua. Greater leucocyte numbers were evident in choriodecidua compared to amnion (P , 0.05; not shown). Similar patterns were detected for individual leucocyte subtypes (macrophages, neutrophils; Table 2 , data shown for TL). NK cells, identified by CD56 þ staining, were present only in the decidua. T cells were absent from the amnion in all study groups.
Effect of Labor on Decidual Leucocyte Populations
No differences were detected in total leucocyte (CD45 þ ) abundance in the decidua between the four study groups (Fig.  2A) . However, significantly higher numbers of CD68 þ macrophages were present in the decidua in TL (P , 0.01) and PTL (P , 0.05) when compared to TNL (Fig. 2B) . A similar pattern was observed for macrophage numbers in choriodecidua in PTLI, but this failed to reach significance (P ¼ 0.06). Decidual neutrophil numbers did not differ between TNL, TL, and PTL. In PTLI, there were significantly more neutrophils, compared to the other three study groups, in the decidua (P , 0.01 for TL and PTL, P , 0.001 for TNL; Fig.  2C ). There were significantly more NK cells in the decidua from women in PTL compared to those in the TL and PTLI study groups (P , 0.05; Fig. 2D) . A similar pattern was observed for CD3 þ T cells, with significantly higher numbers present in PTL compared to TL and PTLI (P , 0.05; Fig. 2E ).
Effect of Labor on Amniochorion Leucocyte Populations
The only change in amniochorial leucocytes due to labor was a small but significant increase in chorion macrophage numbers in TL compared to TNL (median 4 
Macrophage Infiltration in Normal Pregnancy
Having established that macrophages infiltrate the decidua during TL and PTL in human pregnancies, a detailed study into the temporal pattern of macrophage infiltration was conducted in rats. Immunohistochemistry identified macrophages in decidual stroma, infiltrating the luminal epithelium and in myometrium (Fig. 3, A-F) . Significantly higher numbers of macrophages were present in decidua in the perilabor period (Fig. 3G) . Importantly, macrophages were more abundant in the decidua 12 h before labor (Day 22 evening Fig. 3H ). There was a trend for macrophages to remain elevated on Day 1 postpartum, falling to prelabor levels by Day 4. When the relative abundance of macrophages in the different uterine layers were compared, significantly greater numbers of macrophages were detected in the decidua on Day 22 evening (P , 0.01), Day 23 (P , 0.001) and Day 1 postpartum (P , 0.001) than in the myometrium (Fig. 3I) .
Macrophage Infiltration into Decidua and Myometrium in PTL
Extreme PTL (70% of gestational length). There was no difference in macrophage abundance between decidua and myometrium in vehicle control animals on Day 16 of gestation (Fig. 4A) . However, significantly greater numbers of macrophages were present in the decidua in rats in active PTL at Day 16 compared with the myometrium (P , 0.05). There were no differences in macrophage abundance between vehicle controls and those in extreme PTL in either the decidua or the myometrium. PTL (87% of gestational length). There was a nonsignificant trend for higher numbers of macrophages in the decidua compared to the myometrium in vehicle-treated rats on Day 20 (Fig. 4B) , which reached significance for those animals in active PTL (P , 0.05). Significantly more macrophages were present in decidua of mifepristone-treated rats in active PTL at Day 20 compared with vehicle control rats (P , 0.01). A trend toward increased macrophages in the myometrium was observed in the PTL model compared with vehicle control (P ¼ 0.21).
DISCUSSION
Despite growing knowledge regarding physiological and pathological inflammatory events in gestational tissues during labor, currently very little is known about the decidua. We have demonstrated that labor at term is associated with increased macrophage infiltration of the decidua. This is the first study to examine inflammatory events in the decidua in PTL. Our findings of elevated macrophage numbers in idiopathic PTL mirror the changes observed in TL and reinforce the hypothesis that decidual macrophage infiltration is an important process in the labor cascade at term and preterm. Moreover, macrophages infiltrate the decidua prior to labor in the rat, supporting that decidual inflammatory processes are an early event in the labor cascade and have a potential initiating role.
Decidual leucocyte analyses in human pregnancies were performed on the midzone of the fetal membranes from carefully characterised study groups, thus avoiding previously reported differences in leucocyte numbers between rupture and periplacental zones [12] . Initial studies of total leucocyte numbers confirmed that there were significantly more leucocytes in the decidua than in the amnion or chorion but found no differences between study groups. This corroborates previous findings that the decidua is the most immunologically active layer of the fetal membranes [12, 13] . Detailed studies of specific leucocyte subtypes identified changes that were masked by examining the total population as a whole. We found significantly higher numbers of macrophages in the decidua from women who had undergone labor at term compared to those having elective cesarean sections in the absence of labor. Our ability to detect previously unreported changes is attributable to our larger sample sizes and very strict inclusion/exclusion criteria to exclude confounding effects of infection or coexisting pathology. The quantification system utilized provided a more accurate method than those previously used, such as subjective grading of histological inflammation [9] or flow cytometry, which can be subject to error because of incomplete tissue digestion or loss of surface antigens [10] .
Macrophages were the most abundant leucocyte subpopulation in the decidua during TL, in agreement with previous studies [2] . Monocyte chemotaxis induced by fetal membrane extracts is 36-fold higher in women who have undergone labor compared to those not in labor [14] . Neutrophil numbers have previously been reported to rise in the decidua during term labor [9] ; however, we demonstrate that very low numbers are present in the absence of infection. This is consistent with a relatively conservative 3-fold increase in neutrophil chemotactic potential of fetal membranes following labor [14] , reinforcing the relative importance of macrophages in the labor process. Infiltration of macrophages may be a trigger for decidual activation due to their production of proinflammatory cytokines (e.g., tumor necrosis factor-a [TNF-a], interleukin [IL]-1b and IL6), and prostaglandins [15] [16] [17] . Moreover, decidual leucocytes may activate the tissues via paracrine actions of inflammatory mediators, resulting in amplification of leucocyte recruitment through upregulation of chemokines, and elevated production of labor-associated factors MMPs and prostaglandins, resulting in myometrial activation and fetal membrane rupture [16, 18, 19] .
One of the main topics missing from the literature is the nature of inflammatory events in the decidua in PTL. In addition to elevated decidual macrophage infiltration in PTL, we also found elevated numbers of NK cells and CD3 þ T cells in PTL compared to TL. This may indicate some differences in the inflammatory process between TL and PTL and that T and NK cells contribute to the pathogenesis of PTL. Alternatively, it may simply reflect the sampling of decidua at an earlier gestation. In early pregnancy, uNK cells (CD56 bright CD16 À ) constitute up to 40% of decidual cells, where they exert immunoregulatory actions and regulate spiral artery remodeling [20, 21] , with declining numbers with increasing gestation [22] . Recent reports suggest that elevated numbers of decidual uNK and classical CD56 þ CD16 þ NK cells are present in women experiencing recurrent miscarriage, and this may reflect pregnancy loss due to an adverse immunological environment [23, 24] . Early spontaneous PTL and miscarriage are likely to share common etiologies. The identity of the T cells is uncertain; detailed colocalization studies would be required to determine whether these are cytotoxic or suppressor T cells, T regulatory cells, or NK-T cells. Decidual numbers of T regulatory cells are reduced at term [25] ; a resultant reduction in maternal immune tolerance toward the semiallogeneic fetus has been speculated to contribute to local inflammatory processes during labor. A similar mechanism has been proposed in recurrent miscarriage due to lower CD8 þ T cell numbers [24] , while activation of NK-T cells in mouse models induces early pregnancy loss [26] .
The inflammatory reactions in PTLI and idiopathic PTL were distinct, with excessive neutrophil infiltration in the former and no elevation in macrophages, NK cells, or T cells. These differences confirm the recruitment of distinct groups of women with PTL, with differing etiologies, with neutrophilderived cytokines and proteases as potential drivers of PTLI [27] . Another explanation is the loss of decidual tissue integrity. Decidual cells are a major source of chemokines [28] , particularly those that attract macrophages and NK cells. In PTLI it was frequently impossible to distinguish between chorion and decidua; therefore, inclusion of the chorion may also have a dilutional effect on decidual leucocyte counts. 
DECIDUAL LEUCOCYTES IN LABOR AND PRETERM LABOR
These data suggest that the decidua could play a key role in the labor process, consistent with proposed actions in the myometrium [1] . However, whether inflammatory processes in general are a cause or consequence of labor is openly debated. To address this, we investigated the temporal patterns of uterine macrophage infiltration in the rat, studies that are impossible to achieve with human studies alone. The short gestation period of 23 days in the rat and our previous in-depth analyses of myometrial inflammatory processes in term and PTL made this an attractive model to study decidual leucocytes [11] . The current study found that macrophages were more abundant in decidua than myometrium of the rat and increased with labor, consistent with observations from human samples. Importantly, macrophage infiltration into the decidua significantly increased approximately 12 h preceding labor, suggesting a role in the onset of labor. This is consistent with reports suggesting that decidual activation is an early event in parturition [7] . Their presence during and following labor may also indicate roles in placental separation and decidual remodeling during involution of the uterus. Myometrial macrophages also increased with labor; however, this occurred following decidual infiltration, suggesting that decidual inflammation precedes and potentially facilitates myometrial inflammatory events. PTL at Day 20 resulted in similar increases in macrophage infiltration in decidua and myometrium. The similarities in decidual macrophage infiltration between the rat and human pregnancies at term and PTL further validate the rat model for intervention studies in PTL.
Our failure to detect a significant difference in decidual or myometrial macrophages in the model of extreme PTL (Day 16) is likely to be due to the relative abundance of macrophages resident in the decidua at this stage of gestation (4-fold higher than at term). At this day of gestation the uteroplacental unit is still undergoing rapid growth and remodeling, and apoptosis associated with decidual regression occurs until Day 20 of gestation [29] . Decidual regression is associated with elevated cathepsin-D levels in macrophages, indicating an active phagocytic role. Therefore, it is likely that Day 16 is too early to investigate the role of macrophages in PTL.
We have not explored the mechanisms underpinning macrophage infiltration to the decidua or myometrium; however, our previous studies have found elevated expression of CCL2, a potent macrophage chemoattractant, in the myometrium of rats in term labor and in PTL induced by mifepristone and stretch [11] . CCL2 is expressed in human decidua throughout gestation [28, 30] ; however, approximately 50 chemokines exist and frequently act in conjunction, involved in sequential leucocyte intravasation, homing, and activation. An extensive study of chemokines is therefore required to identify key chemokines coordinating inflammatory events during TL and PTL.
Our findings support our hypothesis that decidual macrophage infiltration is an integral early event in the labor cascade and suggests a coordinating role for the decidua at the maternal-fetal interface. Moreover, decidual inflammation may represent a potential therapeutic target for the prevention of PTL. Our findings of comparable inflammatory events in human and rat pregnancies during labor provide an important tool for the trial of future therapeutic agents.
